Heat Transfer Simulation to Liquid Nitrogen from HTS Tapes at the Overload Currents  by Zubko, V.V. et al.
 Physics Procedia  67 ( 2015 )  619 – 624 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014
doi: 10.1016/j.phpro.2015.06.105 
ScienceDirect
25th International Cryogenic Engineering Conference and the International Cryogenic Materials 
Conference in 2014, ICEC 25–ICMC 2014
Heat transfer simulation to liquid nitrogen from HTS tapes at the 
overload currents 
V.V. Zubko1*, S.M. Ryabov1, S.S. Fetisov1 and  V.S. Vysotsky1,2
1Russian Scientific R&D Cable Institute, Moscow 111024, Russia
2Natiaonal Nuclear Research Unisversity MEPhI, Moscow, 115409, Russia
Abstract
Knowledge of HTS materials behavior at overload currents is important to design fault current limiters or fault protection 
systems of electro-technical devices. There are sharp voltage peaks and voltage oscillations during rectangular current pulses (DC 
current) on HTS tapes cooled by liquid nitrogen. It is common knowledge that a homogeneous liquid can withstand certain 
amount of overheating before switching to the boiling phase. In the liquid nitrogen during the increase of the heat flux there is
superheating (temperature overshoot) and boiling hysteresis takes place. We explain voltage peaks and voltage oscillations by the 
hysteresis phenomenon in boiling nitrogen during the increase and decrease of the heat flux in the nitrogen which is a result of
current redistribution in the HTS tapes. Based on the measurements of voltage and temperature of the HTS tapes during current 
overload and numerical analysis of the process we estimated the heat-transfer characteristics from the HTS tapes to liquid 
nitrogen. We also obtained the information about limiting superheating of the liquid nitrogen. The influence of covers of the HTS 
tapes on superheating of the nitrogen is also discussed.
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1. Introduction
Iq “thermal quench” current
ǻ7oh superheating temperature difference 
Į heat transfer coefficient
It is known that HTS wires and devices can operate at currents well above those we call the critical ones (Ic).
Maximum current Iq at which HTS conductor or device can operate stable was called as “thermal quench” current 
[1] and could be determined analytically for constant heat transfer coefficient as presented in [1]. 
For practical purposes it is necessary to study and to model processes of heat and voltage development in 1G and 
2G HTS tapes cooled by liquid nitrogen at DC currents above the critical one but lower than thermal quench current 
(overload currents) and to find out the thermal quench current for the HTS tapes. Experimental studies for the HTS 
tapes at overload currents were performed in [2], [3], [4].
In these works we also observed sharp peaks in the voltage at overload currents. Voltage oscillations were 
observed as well. In this paper we continue our study of overload behavior of different HTS tapes cooled by liquid 
nitrogen. It is necessary to understand and to model processes in the HTS tapes cooled by nitrogen at current 
overloads.
In spite of DC currents the real heat transfer process from the HTS tapes to liquid nitrogen during current 
overloads has a complex nature. In the present paper we explain the peaks and the oscillations by analyzing the 
boiling hysteresis in the nitrogen when the heat flux is increased and then decreased. Hysteresis of boiling curves
under increasing or decreasing transport current and therefore the increasing and decreasing of the heat flux to the 
liquid nitrogen are presented in [5], [6]. In this paper we explain heat transfer process to liquid nitrogen at DC 
currents with the hysteresis phenomenon. In the HTS tapes at current overloads the increase and decrease of the heat 
flux to the liquid nitrogen takes place due to current redistribution between superconducting and normal-conducting
layers of the HTS tapes. 
Based on measurements of the voltage and superheat temperature of the HTS tapes during current overload and 
numerical analysis of the process we calculated processes of heat and voltage development.
2. Experiment
To study HTS tapes at the overload currents in liquid nitrogen (pressure 1 atm., measured temp. 77.4 K) we used 
three types of HTS tapes. The first one is the 1G HTS tape from Sumitomo Electric Industry (SEI): with sizes 
4.2·0.35 mm2; n~16; Ic ȝ9FP .4 K) ~172 A, 68 % of silver matrix. The second one is the 2G tape from 
American Superconductor corporation (AMSC): with sizes 4.38·0.38 mm2; n~28; Ic ȝ9FP.4 K) ~86 A. The 
third one is the 2G tape from Super Power (SP): with sizes 4·0.1 mm2; n~27; Ic ȝ9FP.4 K) ~130 A.
The samples were tested in vertical and horizontal orientations in liquid nitrogen twice: non-covered and covered 
with Kapton™ insulation (thickness of the insulation is 100 μm). Length of all samples was 0.16 m. 
General experimental arrangements were the same as described in [2]. Two pairs of voltage taps and several
thermocouples (TC) with 2 cm distance between them were used. During tests a DC current was applied to the 
sample with a certain current magnitude and duration. The current, voltage and TC signals were recorded by the 
multichannel Yokogawa™ DL-850 analyzing recorder. At vertical and horizontal samples’ orientation we found 
that voltage is practically uniform along the sample, thus we selected one pair of voltage taps to show the typical 
results.
It was found experimentally that orientation of the tapes has weak influence on Iq. In boiling nitrogen for the SEI
tape Iq is about 470 A and a ratio Iq/Ic is 2.76 for non-covered tape and for covered tape Iq is about 280 A and Iq/Ic is
1.65. For the AMSC tape Iq is about 210 A and Iq/Ic is 2.44 for non-covered tape and for covered tape Iq is about 160
A and Iq/Ic is 1.8. For the SP tape Iq is about 170 A and Iq/Ic is 1.3 for uncovered tape, for covered tape Iq is about 
160 A and Iq/Ic is 1.23.
In Figs. 1-3 several voltage recordings are shown for the HTS tapes tests for vertical (v) and horizontal (h) 
samples’ orientation without and with insulation for different overload currents up to the thermal quench current Iq.
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In the legend the current magnitudes and the ratio of I/Ic are shown. The results show the differences in the behavior 
of experimental curves obtained for different tapes. Typical curves at overload currents are as follows: for non-
covered SEI 1G tape and AMSC 2G tape there is fast rise of the voltage, then fast drop when cooling switches from 
convection to nucleate boiling (sharp voltage peaks), then voltage becomes stable until current stops (Fig. 1). For
non-covered SP 2G tape there are oscillations of voltage at currents close to Iq for both sample orientations (Fig. 2a).
Similar voltage oscillations were observed for AMSC 2G tape (Fig. 2a) at currents below the current corresponding 
to sharp voltage peaks. For covered tapes there are smooth curves of the voltage for both sample orientations
presented for AMSC 2G tape in Fig. 2b and for SEI and SP tapes for vertical orientation in Fig. 3.
The measured superheating temperature difference versus current for AMSC and SEI HTS non-covered tapes are 
shown in Fig. 3b.a.
Fig. 1. Voltage recordings versus time for tests at different currents and I/Ic for non-covered HTS tapes: (a) 1G SEI; (b) 2G AMSC.
Fig. 2. Voltage recordings versus time for tests at different currents and I/Ic for: (a) non-covered SP and AMSC tapes; (b) AMSC tape covered 
with Kapton.
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Fig. 3. (a) Voltage recordings versus time for tests at different currents and I/Ic for covered SEI and SP tapes; (b) Measured superheating 
temperature difference ǻ7oh as function of current for non-covered HTS tapes.
3. Numerical model 
For simulations of heat/voltage development of the HTS tapes at overloads, we analyzed the standard heat 
balance equation: 
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where i is the number of the tape’s layer; Ci and Ȝi are the effective volumetric specific heat and the thermal 
conductivity of the materials of the tape’s layer; Si is the cross section of a layer; (kP)i is the heat transfer and 
perimeter of contact between contacting layers; Ɍ0 is the temperature of cooling bath; Į3i is the coefficient of a 
heat transfer into nitrogen and perimeter of contact layer with nitrogen. Qi=Ei·Ji is the resistive heat in i layer. Here 
Ji is the current density in the layer; Ei is the voltage over the layer. E in superconducting layer is nonlinear, we used 
expression: E=Ec(J/Jc)n for it, where Ec ȝ9FPJ and Jc are transport and critical current density correspondingly, 
n is the index of voltage current characteristics. Currents Ii in layers of a tape were calculated from the equation set:  
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where m – number of layer, Itotal – current in the tape, Ri is the resistance of layer, Li,k is self and mutual 
inductance of layers. 
The computer code simultaneously solves the equations (1) and (2) by the finite difference method (implicit 
difference scheme). Because there is non-linear behavior of the voltage over superconducting layer, and as result of
the resistive heat in the superconducting layer of the tape, of heat capacity, of heat conductivity and of heat flow to 
nitrogen, an iterative algorithm for each time step is used.
To simulate the real heat/voltage development of the HTS tape at overloads one have to evaluate properly the heat 
transfer coefficient to liquid nitrogen Į
For the steady-state heat transfer there are two regimes: natural convection when 3/1Tɋconvconv ' D [7], where 
Cconv coefficient depends on the size of the sample being cooled, and nucleate boiling (NB). For cryogenic fluids 
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for boiling regime the heat-transfer coefficient is proved to depend also on the material of the heater surface, the 
best-fit equation to predict the heat transfer coefficient is given by [8]:
  117.0624.0 OUD phboil cqC  , (3)
where q LVWKHKHDWIOX[ȡLVWKHGHQVLW\RIIOXLGLQ(kg/m3), cp is the specific heat (kJ/(kg K)) and Ȝ is the thermal 
conductivity (W/(K m)). All the thermal physical properties are evaluated at the saturation temperature of the 
boiling liquid. The constant Ch depends on the material of heater surface and properties of boiling liquid [8].
Temperature delay of beginning of NB ǻ7cb can be determined from condition of equality of heat transfer 
coefficients at regimes of convection and nucleate boiling. In the liquid nitrogen during the transient increase of the 
heat flux may occur additional several Kelvin’s overheating (superheating or temperature overshoot) and total 
superheating temperature difference ǻ7oh may be five - ten times higher than ǻ7cb, but temperature difference of
switch back to convection ǻ7bc is about ǻ7cb. In the present paper we explain the differences in the behavior of the 
voltage at current overloads by analyzing the hysteresis phenomenon in liquid nitrogen. In Fig. 4a the boiling curves 
with hysteresis, ǻ7oh and ǻ7bc are shown.
4. Calculation
To analyze the behavior of the voltage in the 1G SEI and 2G AMSC tapes we used superheating temperature 
difference ǻ7oh measured by thermocouples (Fig. 3b). Coefficient ɋh was determined from experiment as well. In 
Fig. 4b voltages versus time for the 1G SEI and 2G AMSC tapes are shown, calculated by the numerical model for 
DC currents presented in Figs. 1a and 1b. The voltage peaks are occurring when difference between temperature of 
the tape and temperature of the nitrogen exceeds ǻ7oh and the nucleate boiling starts. The voltage peaks are result of 
current redistribution from superconducting to normal-conducting layers of the HTS tape before the peaks (there is 
the convection) and from normal-conducting to superconducting layers after the peaks (there is NB). When the 
voltage becomes stable there is boiling heat transfer. One can see the good agreements between numerical 
calculation (Fig. 4b) and measurement (Figs. 1a and 1b). The voltage curves are quite similar. The calculated and 
measured Iq for both HTS tapes are well coincided as well.
Fig. 4. (a) Boiling curves with hysteresis; (b) Example of calculated voltages versus time for different currents and I/Ic for 1G SEI and 2G 
AMSC HTS non-covered tapes.
For currents presented in Fig. 2a for SP and AMSC tapes there are multiple temperature overshoot accompanied
by switching from convection to NB and then back from NB to convection. Calculated ǻ7oh is about 3K. 
Oscillations of voltage are the result of multiple current redistributions between superconducting and normal-
conducting layers in the HTS tapes. Results of calculation the voltage at currents are shown in Fig. 5a. One can see 
the good qualitative agreement between numerical calculation (Fig. 5a) and measurement (Fig. 2a).
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For 2G AMSC non-covered tape there is switch to the boiling phase without temperature overshoot. Results of 
calculation for the voltage at measured currents are shown in Fig. 5b. One can see the good agreements between 
numerical calculation (Fig. 5b) and measurement (Fig. 2b) as well. The heat transfer mechanism in 1G SEI and 2G 
SP HTS non-covered tapes (Fig. 3a) is natural convection.
The developed numerical model gives the explanation of the differences in the behavior of experimental curves 
obtained for different tapes, because the complex nature of heat transfer to liquid nitrogen from HTS tapes at current 
overloads was taken into account. Boiling hysteresis phenomenon requires more understanding.
Fig. 5. Example of calculated voltages versus time for different currents and I/Ic: (a) SP and 2G AMSC HTS non-covered; (b) 2G AMSC HTS
covered tapes.
4. Conclusion
We tested 1G and 2G HTS samples immersed in liquid nitrogen with and without insulating cover at current 
overloads with vertical and horizontal orientation. The numerical model was developed to analyse the behaviour of
the HTS tapes cooled with nitrogen at current overloads. The numerical analysis has shown that there are 
temperature overshoot and hysteresis phenomenon in the boiling nitrogen during the heat transfer process from 
overloading 1G and 2G HTS tapes to nitrogen. The suggested model provided data close to the experimental ones
and can be used for evaluation of the HTS tapes behaviour at overload currents.
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